injury is often detected in lung allografts, however, its relation to rejection pathogenesis is unknown. We hypothesized that sterile epithelial injury can lead to alloimmune activation in the lung. We performed adoptive transfer of mismatched splenocytes into recombinant activating gene 1 (Rag1)-deficient mice to induce an alloimmune status and then exposed these mice to naphthalene to induce sterile epithelial injury. We evaluated lungs for presence of alloimmune lung injury, endoplasmic reticulum (ER) stress, and hyaluronan expression, examined the effect of ER stress induction on hyaluronan expression and lymphocyte trapping by bronchial epithelia in vitro, and examined airways from patients with bronchiolitis obliterans syndrome and normal controls histologically. We found that Rag1-deficient mice that received mismatched splenocytes and naphthalene injection displayed bronchial epithelial ER stress, peribronchial hyaluronan expression, and lymphocytic bronchitis. Bronchial epithelial ER stress led to the expression of lymphocyte-trapping hyaluronan cables in vitro. Blockade of hyaluronan binding ameliorated naphthalene-induced lymphocytic bronchitis. ER stress was present histologically in Ͼ40% of bronchial epithelia of BOS patients and associated with subepithelial hyaluronan deposition. We conclude that sterile bronchial epithelial injury in the context of alloimmunity can lead to sustained ER stress and promote allograft rejection through hyaluronan expression. endoplasmic reticulum stress; lung rejection LUNG TRANSPLANTATION IS THE only viable therapeutic option for many terminal lung diseases, but long-term survival remains disappointingly low compared with other solid organ transplants. Chronic airway rejection [bronchiolitis obliterans syndrome (BOS)] is the major reason for graft failure and patient morbidity and mortality. Many risk factors for BOS have been identified; however, the unifying principle may be that the lung, among transplanted solid organs, is uniquely exposed to the external environment.
LUNG TRANSPLANTATION IS THE only viable therapeutic option for many terminal lung diseases, but long-term survival remains disappointingly low compared with other solid organ transplants. Chronic airway rejection [bronchiolitis obliterans syndrome (BOS)] is the major reason for graft failure and patient morbidity and mortality. Many risk factors for BOS have been identified; however, the unifying principle may be that the lung, among transplanted solid organs, is uniquely exposed to the external environment.
There is increasing evidence for the presence of epithelial injury in lung transplantation. Even before the onset of clinical BOS, allograft airway epithelia demonstrate senescence (21) and epithelial-to-mesenchymal transition (31) . Epithelial injury commonly results in accumulation of unfolded or misfolded proteins in the endoplasmic reticulum (ER), leading to so-called ER stress (16) . ER stress can be caused by environmental exposure (32) , is found in chronic obstructive pulmonary disease airways (18) , and can lead to a fibrotic response in human idiopathic pulmonary fibrosis (12) . We therefore investigated whether epithelial injury can lead to alloimmune activation in the lung, and whether ER stress can be found in transplanted lungs, and be involved in the pathogenesis of airway rejection.
ER stress can lead to epithelial expression of hyaluronan (13, 17) , and bronchoalveolar lavage hyaluronan is increased in lung transplant rejection (23, 29) . Hyaluronan is ubiquitously present in the extracellular matrix, and in tissue injury shortfragment hyaluronan promotes inflammation (28) and activates innate immunity (9) that in turn can lead to alloimmune lung injury (6) . Hyaluronan can also directly activate alloimmunity in transplantation (29) . We therefore investigated the role of hyaluronan in epithelial injury-induced alloimmune activation.
In this work, we report that sterile epithelial injury, in the presence of alloimmunity, can lead to the recruitment of lymphocytes to the airways and the development of lymphocytic bronchiolitis. We demonstrate that naphthaleneinduced bronchial epithelial injury is associated with ER stress, and hyaluronan expression. Hyaluronan in turn is critical in retention of lymphocytes to the subepithelial space, since pharmacological hyaluronan binding blockade ameliorates lymphocytic bronchiolitis in this model. In vitro, induction of ER stress in bronchial epithelia induces hyaluronan expression, and entrapment of lymphocytes in hyaluronan cable-like structures. Furthermore, we demonstrate a significant degree of ER stress in bronchial epithelia in human BOS, associated with increased deposition of hyaluronan in the subepithelial space. In aggregate, our results suggest that bronchial epithelial injury may be a proximal cause of alloimmune activation in lung transplant rejection, and that this may be at least partly due to ER stress-induced hyaluronan expression.
METHODS
Mice. All experiments were approved by the Institutional Animal Care and Use Committee of the National Institute of Environmental Health Sciences. Male mice were used for all studies. Eight-week-old C57BL/6J, C3Hb/FeJ, and B6.129S7-recombinant activating gene (Rag) 1 tm1Mom /J mice were purchased from the Jackson Laboratories (Bar Harbor, ME). All mice were fed normal chow and water ad libitum and were housed in apathogenic, quarantine conditions.
Adoptive transfer. Eight-week-old C57BL/6J or C3Hb/FeJ mice were killed, and the spleens were removed and ground over a 40-m strainer, washed, and resuspended in RPMI 1640 with 10% FBS. Five million live splenocytes (by trypan blue assay) in 400 l media were injected retroorbitally in isoflurane-anesthetized recipient B6.129S7-
Rag1
tm1Mom /J mice. Mice were allowed to recover for 7 days and then underwent exposures as described below. Mice receiving C57BL/6J splenocytes were designated isoimmune adoptive transfer recipients (iso-AT), and mice receiving C3Hb/Fe splenocytes were alloimmune AT (allo-AT).
Naphthalene exposure. Approximately 9-to 10-wk-old mice received 275 mg/kg naphthalene in corn oil (both from Sigma Aldrich, St. Louis, MO) via intraperitoneal injection. Control mice received an equal volume of corn oil only. Mice were killed by CO 2 asphyxiation at days 7, 14, and 21 after naphthalene. Some mice received three repeated doses of naphthalene at days 0, 21, and 42, and were killed at day 63. Other mice received custom-made hyaluronan-binding peptide pep-1 (19) in 2% DMSO/PBS, scrambled control, or vehicle at 0.8 mg/mouse, at days 1, 3, 7, and 10 after single naphthalene dosing, and were killed at day 14. Histology. Mouse lungs were lavaged with 3 ml ice-cold saline, and cell-free supernatant was stored at Ϫ80. The left lungs were inflated with 10% buffered formalin. CD3 ϩ cells were stained with rabbit anti-mouse CD3 polyclonal antibody, ab5690 (Abcam, Cambridge, MA). Myofibroblasts were detected with rabbit anti-mouse ␣-smooth muscle actin polyclonal antibody, ab5694 (Abcam). Hyaluronan was stained with biotinylated HABP (Seikagaku, East Falmouth, MA), and inter-␣-inhibitor with rabbit anti-human (cross-reacting with mouse) polyclonal antibody (DakoCytomation, Carpinteria, CA). For the quantification of positive staining for ER stress markers, a blinded reviewer counted all airway epithelial cells (visible by DAPI staining) in a captured image, as well as all positively stained cells (for ER stress markers), and calculated the percentage of positive cells.
RT-PCR. Total RNA was extracted from whole lung homogenates or BEAS-2B cells using a Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA). RNA samples were treated with RNase-free DNase I (Ambion, Austin, TX) to clear DNA contamination. cDNA was synthesized using Invitrogen SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) or the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) following the manufacturer's instructions. Quantitative polymerase chain reaction was performed using ABI SDS 7500 and SYBR Green Reagent (Applied Biosystems). Primers were produced by IDT (Coralville, IA), and their sequences are in Table 1 .
Collagen quantification. Twenty-five milligrams of lung tissue were homogenized in RIPA buffer, and the homogenate was assayed for total collagen using the Sircol assay (Biocolor; Carrickfergus, County Antrim, UK) per the manufacturer's instructions. Results were expressed as microgram collagen per 100 mg lung tissue.
Flow cytometric analysis. Lung tissue was placed in 60-mm tissue culture dishes containing 0.5 ml EDTA-free HBSS, minced, collagenase A, collagenase XI, hyaluronidase, and DNase I were added (all from Sigma-Aldrich), and the tissue was incubated at 37°C for 35 min. Digestion was stopped with 1 ml of cold 120 mM EDTA/PBS, and the minced tissue was strained and centrifuged for 5 min at 450 g. Cells were resuspended in FACS buffer, Histopaque 1083 (SigmaAldrich) was layered under the cells, and the cells were centrifuged at 450 g for 20 min. Cell layers were collected carefully and washed with and resuspended in FACS buffer. Antibodies used in tagging are as follows (all purchased from eBioscience, San Diego, CA, except for 6 cells) clone IM7; isotype controls, rat IgG2Bk-PE-cy5, rat IgG2b-pacific blue, rat IgMk-fitc, rat IgG2a, k-apc-alexa fluor750, rat IgG2a-APC, rat IgG2a-biotin, and armenian hamster IgG-PE. Cells were analyzed by flow cytometry on a LSRII (BD Biosciences, San Jose, CA) equipped with FACSDiva software. Cells (10,000) were examined for each sample. A lymphocyte gate was initially set on a forward-scatter vs. side-scatter dot plot. The percent of CD4-and CD8-positive cells was determined from the CD3-positive population. Gates were set for the positive cells based on isotype controls.
In vitro ER stress induction. BEAS-2B cells from Lonza (Walkersville, MD) were grown in BEGM until confluent. Cells were treated with 5 g/ml tunicamycin (Sigma Aldrich) in 2% DMSO for 48 h and assayed for HAS expression and hyaluronan deposition over several time points. RT-PCR and PCR assays demonstrated persistent elevation of ER stress markers C/EBP homology protein (CHOP), BiP, and alternative splicing of XBP1 starting at least 6 h after the beginning of exposure and persisting through 48 h after cessation of exposure (data not shown). For the lymphocyte adhesion assay, 54,000 BEAS-2B cells/well were exposed to 5 g/ml tunicamycin or vehicle (DMSO) for 24 h, washed repeatedly, and incubated at 4°C for 30 min. Human CD3 ϩ lymphocytes were obtained from healthy volunteers via magnetic bead isolation per the manufacturer's instructions (Miltenyi Biotec, Auburn, CA), washed, and resuspended in ice-cold RPMI at 4 million/ml. One million CD3 ϩ cells Table 1 .
List of primers used in this study
Forward CGGCTACCACATCCAAGGAA Reverse GCTGGAATTACCGCGGCT m, Mouse; h, human; HAS, hyaluronan synthase; GAPDH, glucose-aphosphate dehydrogenase; Col3␣1, collagen 3, ␣Ϫchain 1; Tnc, tenascin C; TGF-␤1, transforming growth factor-␤1.
were added to each BEAS-2B well and incubated at 4°C for 30 min. In one tunicamycin group, 50 l of Streptomyces hyaluronidase (Sigma) were added at 5.2 mg/ml concentration, and wells were incubated another 5 min at room temperature. Wells were washed very carefully with ice-cold BEGM five times, fixed in 4% methanol, stained for CD3, and imaged in an inverted Zeiss NLO 510 inverted fluorescent microscope. CD3 ϩ cells per high-power field were counted.
MRC5 coculture with ER-stressed BEAS-2B cells. BEAS-2B cells were plated at 45,000 cells/cm 2 and exposed to tunicamycin as described above, except the exposure duration was 24 h and the cells were grown in Transwell plates (Corning, Tewksbury, MA). MRC-5 lung embryonic fibroblasts (American Type Culture Collection, Manassas, VA) were simultaneously plated at 20,000 cells/cm 2 in Tranwell plates and grown per the supplier's instructions. After tunicamycin exposure for 24 h, the BEAS-2B cells were washed, and the inserts were placed over the MRC-5 cell wells. The cells were kept another 24 h in BEBM, which we previously verified is not toxic for MRC-5 cells, and then assayed for HAS gene expression.
Human tissue. BOS lungs were explanted from patients at the time of retransplantation. All subjects had BOS3 rejection. Control lungs were rejected or trimmed tissues from transplantation grafts. All tissue was recovered from so-called pathology waste and was therefore exempt from Institutional Review Board approval.
Statistics. Results are expressed as averages Ϯ SE. Statistical analysis was performed using Student's t-test or ANOVA with post hoc correction (Bonferroni or Tukey Honest Significant Difference test) as appropriate.
RESULTS

Naphthalene-induced epithelial injury leads to lymphocytic bronchitis in rag1
Ϫ/Ϫ mice that received alloimmune splenocyte adoptive transfer. We first examined whether sterile epithelial injury could induce an alloimmune response in mouse airways. To avoid lung epithelial injury through irradiation or ischemia-reperfusion, while still having an alloimmune reactive status in mouse lungs, we used an AT model and injected isolated splenocytes from either fully MHC-mismatched (C3Hb/FeJ, H2 k ) or MHC-matched (C57BL/6J, H2 b ) mice into rag1-deficient mice (fully backcrossed to C57BL/6J, H2 b ). Engrafted splenocytes were detectable 7 days after AT (data not shown), at which point mice received naphthalene by intraperitoneal injection. Seven days after naphthalene, there was clear evidence of bronchial injury in exposed mice (Fig. 1) , but no immune cell infiltration. However, at 2 and 3 wk after naphthalene, most airways showed inflammatory cell infiltration (Fig. 1 , C and D, and Fig. 2, A-C) . Most of these cells were lymphocytes, as evidenced by CD3 staining (Fig. 2 , E and F). Using a semiquantitative score (6) we found that naphthalene-exposed allo-AT mice had persistently higher peribronchial infiltration than corn oil-treated allo-AT mice, although the degree of perivascular infiltration was similar (Fig. 2G) . There was no significant change in the degree of infiltration when we performed up to three repeated naphthalene injections at 3-wk intervals (data not shown). allo-AT mice had significantly more CD69 ϩ cells and significantly decreased NK1.1 ϩ cells, CD4 ϩ cells, and CD4-to-CD8 ratio compared with iso-AT mice ( Table 2 ). C57Bl/6 mice, rag1-deficient mice, and rag1-deficient mice that received C57Bl/6 splenocytes (iso-AT) had no appreciable peribronchial infiltration up to 3 wk after naphthalene exposure (data not shown). There was no significant increase in collagen deposition after single naphthalene exposure by Masson-trichrome staining (data not shown) or by collagen III expression (Table 3) , although there was an increase in TGF-␤1 at 7 days after injury (Table 3) and an increase in ␣-smooth muscle actin staining 21 days after naphthalene exposure (Fig. 3) , consistent with airway myocyte changes. However, after repeated naphthalene exposure, there was an increase in peribronchial collagen deposition (Fig. 2D ) that was associated with increased collagen content in the lung (211.7 Ϯ 9.3 g/100 mg lung tissue for naphthalene-treated mice vs. 140.0 Ϯ 12.3 g/100 mg lung tissue for corn oiltreated mice, P Ͻ 0.001) and expression of collagen III (⌬⌬C t ϭ 374 Ϯ 128% for naphthalene-treated mice vs. 105 Ϯ 26% for corn oil-treated mice, P Ͻ 0.01). There was also a pronounced, sustained increase in tenascin C expression even after single exposure (Table 3) , suggesting persistence of epithelial injury (27) .
Naphthalene-induced injury leads to ER stress in bronchial epithelia. Naphthalene induces bronchial club cell (Clara cell) epithelial injury by the formation of toxic metabolites that bind to cytoplasmic proteins (4, 5) . Because protein adducts have been associated with ER stress (11), we asked whether ER stress could be detected in the airways of naphthalene-treated allo-AT mice. We found evidence or ER stress by positive staining for CHOP and activating transcription factor (ATF)-6 in a significant number of allo-AT mouse epithelia by immunohistochemistry (Fig. 4A) as well as quantitative RT-PCR for CHOP and ATF-4 ( Fig. 4B ) at 21 days after naphthalene, in contrast to corn oil-treated allo-AT mice and to naphthalenetreated mice without adoptive transfer, suggesting that allo-AT promotes sustained epithelial injury after the initial insult.
Naphthalene-induced injury and ER stress induce hyaluronan expression in vivo.
Because ER stress has been associated with hyaluronan expression, we asked whether there was increased hyaluronan expression in our naphthalene/allo-AT model. Indeed, we found increased deposition of hyaluronan at 14 and 21 days after naphthalene exposure, in contrast to the control corn oil/adoptive transfer mice (Fig. 4C ) and naphthalene/iso-AT mice (data not shown). We then quantified the expression of hyaluronan synthase (HAS) genes by RT-PCR. One week after naphthalene injury, all HAS genes were upregulated in lung lysates, regardless of allo-AT or iso-AT status. In contrast, 3 wk after naphthalene, only allo-AT mice retained a significant upregulation of HAS genes, particularly HAS1 and HAS2 (Fig. 4D) .
ER stress in bronchial epithelia induces hyaluronan cables that trap lymphocytes. We then examined whether hyaluronan expression by ER-stressed bronchial epithelia may contribute to the pathogenesis of lymphocytic bronchiolitis. Epithelial ER stress has been associated with the formation of hyaluronan cable-like structures that can trap immune cells (13, 17) . We therefore treated human bronchial epithelial BEAS-2B cells with tunicamycin, which induces ER stress, and observed significant upregulation of HAS1 and HAS2, as well as deposition of hyaluronan, which in part appeared in cable-like structures (Fig. 5A) . Because epithelial cells are not the main source of extracellular hyaluronan in the subepithelial space, we also investigated whether ER-stressed epithelia can induce expression of HAS in fibroblasts. We found that human embryonic fibroblasts express more HAS1 and HAS2 and show a trend toward higher HS3 expression after a 24-h coculture with BEAS-2B cells that had been previously exposed to 24 h of tunicamycin (Fig. 5B) . We then asked whether the epithelial hyaluronan cables were lymphocyte adhesive. We observed that human CD3 ϩ lymphocytes were being trapped by hyaluronan cables in vitro, an effect that was abolished after treatment with hyaluronidase [ Fig. 5C and Supplemental movie 1 (Supplemental data for this article may be found on the Corn oil-treated mice serve as the reference control group (the average ⌬⌬Ct for corn oil mice is arbitrarily set as 100% expression, and individual expression levels for naphthalene and corn oil mice are calculated in reference to this average). N ϭ 4 mice/group. NS, not significant. Note the nuclear density in DAPI staining that colocalizes with the hyaluronan area. There is no increase of hyaluronan expression over baseline in corn oil-treated lungs (bottom). Magnification: ϫ10. D: allo-AT mice demonstrate a sustained increased in mRNA expression of all three hyaluronan synthases (HAS) over 3 wk (top), whereas iso-AT mouse lungs demonstrate an increase in HAS expression after naphthalene expression, but only in the 1st wk after exposure (bottom). N ϭ 4/group.
American Journal of Physiology: Lung Cellular and Molecular Physiology website.)].
Pep-1 treatment in allo-AT mice ameliorates lymphocytic bronchiolitis. Because in vitro removal of hyaluronan reduces the lymphocytic entrapment by ER-stressed epithelia, we examined whether neutralization of hyaluronan binding could reduce the degree of lymphocytic bronchiolitis in vivo. We exposed our allo-AT mice to naphthalene and then treated them with pep-1, a known inhibitor of hyaluronan binding (19) , its scrambled control peptide, or vehicle. When we evaluated the degree of lymphocytic infiltration in the lung, we saw no difference in perivascular infiltration, but a significant decrease in lymphocytic bronchitis (Fig. 6) . There was no difference in ER stress by pep-1 treatment, a finding that was expected since hyaluronan expression is downstream of ER stress.
ER stress is present in human airway rejection, and is associated with hyaluronan expression. We then detected the presence of ER stress in human lung transplant rejection (Fig. 7A) .
We stained sections from six patients with BOS and four healthy controls for ATF-6 and CHOP, and quantified the number of positive epithelia in the airways. ER stress was prominently present in affected airways in BOS patients (Fig.  7B) . In some cases, positive staining occurred in most cells in an airway, and, in others, skip lesions were observed. The percentage of positive cells ranged from 18 to 80% in BOS patients and from 0 to 4% in controls, with an average Ϯ SD of 45 Ϯ 26 and 1 Ϯ 2%, respectively (Fig. 7B) . The remodeled subepithelial space stained strongly positive for hyaluronan and its binding partner inter-␣-inhibitor (Fig. 7C) .
DISCUSSION
Chronic allograft rejection remains the main limitation to survival in lung transplant recipients. Lung allografts are unique in their continuous exposure to environmental injury, which triggers immune responses that could promote the dis- proportionately high lung transplant rejection rates. A major pathway for the initiation of the alloimmune response may be epithelial injury from inhaled environmental toxicants.
Increasing evidence suggests that epithelial injury is a hallmark of lung allograft dysfunction. Senescence and epithelialto-mesenchymal transition have been observed in airway epithelia from rejected lung allografts (1, 21, 31) , and can contribute to a defective healing response in epithelial injury. Furthermore, significant club cell injury was recently demonstrated in BOS (10) . Club cells are metabolically active and involved in xenobiotic metabolism through cytochrome p450, which may make them especially vulnerable to environmental injury (2) . Naphthalene specifically injures club cells through p450-mediated toxic metabolites that form protein adducts with cellular proteins and induce oxidative damage (4) . We now show that naphthalene-induced sterile club cell injury is sufficient for the induction of an alloimmune response against the lung. Club cells participate in immune regulation as well as epithelial regeneration after airway injury (7, 27) , and may therefore play a central role in the pathogenesis of chronic airway rejection, which combines both immune and remodeling components. Chronic club cell injury induces lymphocytic infiltration of the lungs, which is mediated through the IFN␥ system (24) . Furthermore, prolonged club cell injury leads to sustained tenascin C expression (27) , which may contribute to the pathogenesis of airway remodeling and has been associated with the onset of BOS (20) . Interestingly, in our model, we see a very similar phenotype: sustained lymphocytic infiltration and induction of tenascin C. Previously published models of chronic club cell injury have used transgenic expression of toxins as the inciting mechanism. In our model, the presence of activated immune cells may perpetuate epithelial injury, thus creating a vicious cycle of injury and alloimmune activation. Consistent with previous reports on the role of lymphocytes in transplant rejection, we found increased numbers of activated lymphocytes (CD69 ϩ ), and reduced CD4 ϩ cells as well as CD4 ϩ -to-CD8 ϩ ratio in the allo-AT mice, consistent with the presence of alloactive immune cells. The observed reduction of NK1.1 cells would also suggest a regulatory role for this cell type in our model, as described recently (30) .
Our results support that hyaluronan plays an important role in the pathogenesis of lymphocytic retention in the airways. Hyaluronan is a ubiquitous extracellular matrix component and has multifaceted effects on the response to lung injury. Hyaluronan can activate innate immunity, dendritic cells, and alloimmunity (9, 29) , and increased levels have been detected in BOS-affected lungs (23, 29) . Epithelial injury also has been linked to hyaluronan expression. Epithelial injury can induce the secretion by epithelial and mesenchymal cells of cable-like structures that are able to trap immune cells (13, 17) . We demonstrate for the first time that a similar mechanism may contribute to the perpetuation of lymphocytic infiltration in alloimmune lung injury. We show sustained hyaluronan synthesis and deposition after club cell injury, demonstrate in vitro that epithelial hyaluronan can trap lymphocytes, and finally show that neutralization of hyaluronan binding can ameliorate lymphocytic bronchitis in our model. Hyaluronan binding seems to be important for the entrapment of lymphocytes in the vicinity of injured epithelia. For example, hyaluronan deposition has been associated with lymphocytic infiltration in allergic asthma (3). Activated lymphocytes can interact with airway smooth muscle cells and induce cell proliferation and airway remodeling (22) , a process that involves the hyaluronan receptor CD44 (15) . We therefore speculate that binding to the hyaluronan matrix is critical for the interactions between epithelial, immune, and structural cells that ultimately lead to airway fibrosis and rejection.
Although by no means the only mechanism, our results suggest that epithelial ER stress may be a crucial link between epithelial injury and hyaluronan expression. We demonstrate significant ER stress in our animal model and in human BOS that was associated with subepithelial hyaluronan deposition. ER stress is being increasingly recognized in chronic airway disease (for excellent reviews, see Refs. 25 and 33). Furthermore, both in animal models of airway disease and human samples, airway ER stress affects a substantial number of imaged airway cells (8, 26) . Thus, our results are in agreement with emerging evidence that ER stress may be widespread in chronic obstructive lung disease situations. Although our results suggest that ER stress leads to hyaluronan deposition by injured epithelia, we do not believe that this is the only mechanism for the observed hyaluronan expression. Mesenchymal cells are avid producers of hyaluronan, and are very likely to significantly contribute to its production. We show that tunicamycin-treated BEAS-2B cells induced hyaluronan in cocultured fibroblasts in vitro. Thus, our results suggest that epithelial ER stress contributes to hyaluronan expression both directly and indirectly. Furthermore, epithelial ER stress greatly enhances the fibrotic response to other stimuli (14) . Thus, the presence of ER stress may be a crucial component of BOS pathogenesis, both by promoting lymphocytic bronchiolitis and supporting the fibrotic response to injury.
No single animal model can accurately replicate human airway rejection, and our model necessarily shares this weakness. In particular, our model does not include ischemic time and is rather an in situ graft-vs.-host response than a host-vs.-allograft injury as observed in human lung transplantation. However, we developed this model to specifically allow us to control the time and occurrence of epithelial injury, something that would not have been possible in an orthotopic or heterotopic lung transplant model, or a bone marrow transplant model. Furthermore, bronchiolitis obliterans is also observed in human bone marrow transplantation, suggesting that the alloimmune response mechanisms triggered by epithelial injury are shared. We thus believe that our model provides useful insight into the role of epithelial injury in the onset of alloimmune response against the airway.
In summary, our data show for the first time the presence of ER stress in human lung rejection, and suggest that sterile club cell injury promotes the development of lymphocytic bronchiolitis, partly through subepithelial hyaluronan deposition.
